We investigate anomalies on heterotic orbifolds and their blowups. We give a simple example of an orbifold blowup which contains anomalous U (1) symmetries that are canceled by axions which couple non-universally to the different gauge groups, thus clarifying some confusion which recently arose in the literature concerning anomaly universality. We argue that non-universal axionic couplings are the general case, and that the couplings are only universal in the case of orbifolds. We comment on the consequences of this non-universality for discrete R symmetries. We furthermore investigate the origin of discrete (R and non-R) symmetries on smooth Calabi-Yau manifolds.
Introduction
String theory is probably the best-developed theory to describe a UV completion of the Standard Model. It has therefore proven very important in the study of physics beyond the Standard Model. On top of providing a UV completion of the theory, it has an elegant way of yielding anomaly-free and thus consistent theories. Constructing anomaly-free theories is a formidable task, especially in higher dimensions, and if it was not for string theory, probably far fewer consistent constructions would be known.
However, anomaly freedom in string theory still imposes strong constraints on the gauge groups. For heterotic string theory [1, 2] , which will be dealt with in this paper, the only two possible gauge groups are SO(32) and E 8 × E 8 . We will only consider the latter in this paper, but the results are of course also valid in other contexts. In addition to constraining the possible gauge groups, anomaly cancellation requires the presence of axions. The anomaly cancellation mechanism via axions is known as the Green-Schwarz mechanism [3] .
In order to describe a heterotic string theory, one has to specify an underlying compactification geometry and a compatible description of the gauge sector. In this paper, we will deal with 4d theories obtained from heterotic orbifold constructions [4] [5] [6] and their smooth Calabi-Yau counterparts which are obtained via a blowup procedure (see [7] [8] [9] [10] and [11, 12] for a gauged linear sigma model (GLSM) approach).
In orbifold constructions, imposing modular invariance of the string partition function is sufficient to guarantee consistency of the theory via the Green-Schwarz mechanism [13] , where the axion dual to the Kalb-Ramond B 2 field cancels the anomalies. Since there is only one axion but many different possible anomalies, anomaly freedom requires that all anomalies are related such that the different anomalies can be canceled with one universal axion. This requires the presence of at most one anomalous U (1) as well as a universal coupling of the axion to the spin and gauge connection.
For Calabi-Yau compactifications, the picture is different. While the Bianchi identity ensures the absence of purely non-Abelian anomalies, mixed Abelian-non-Abelian anomalies can still arise. These are again canceled via the Green-Schwarz mechanism [14] [15] [16] [17] . However, in contrast to the orbifold case, there can be more than one axion, and the axionic couplings are in general non-universal, even if there is only one axion. The reason is that in blowup, the additional axions arise from internal cohomology 2-forms and their couplings are determined by the choice of the gauge bundle. This anomaly cancellation mechanism becomes important when considering line bundles over Calabi-Yau spaces (see e.g. [18] [19] [20] for recent applications).
Both the orbifold and the Calabi-Yau constructions are in general plagued by the common problems of theories beyond the Standard Model, like too fast proton decay and the µ problem. One of the prevailing methods of circumventing these problems are discrete symmetries which forbid the associated superpotential terms. For orbifold constructions, it has recently been argued [21] that there is a unique R 4 symmetry which fulfills all constraints and is compatible with SO(10) grand unification. The authors used anomaly universality in their uniqueness argumentation. While correct for pure orbifold constructions, anomaly universality is in general not satisfied, and one purpose of this paper is to clarify this confusion: As we discuss, universality is neither required from a bottom-up point of view nor expected for general heterotic Calabi-Yau constructions.
In order to illustrate these points, we present a rather simple model, which is based on the blowup of the T 6 / 3 orbifold with line bundles, such that only two U (1) factors arise. The anomalies are non-universal and canceled by the non-universal axions from the reduction along the internal 2-forms. Along the way, one of the models also provides a simple example for a U (1) which is omalous 1 but nevertheless massive. In addition, we use the model to illustrate how discrete (R and non-R) symmetries arise in Calabi-Yau models. Ultimately, these symmetries can be of utter importance for string phenomenology.
The paper is organized as follows: In Section 2, we review anomalies and the GreenSchwarz mechanism. In Section 3, we discuss the consequences of non-universal anomalies. First we discuss a bottom-up approach and argue that anomaly universality is generically not realized. Then, we discuss a top-down approach using a simple string realization of nonuniversal anomaly cancellation. We present our model and work out the anomalies and the masses of the Abelian gauge bosons. In Section 4, we investigate the presence of discrete R and non-R symmetries on the orbifold and on the resolved Calabi-Yau. Finally, in Section 5 we conclude and give an outlook on future research directions.
Anomaly cancellation and universality
In this section we will briefly review anomalies and the Green-Schwarz mechanism [3] (for a review of anomaly cancellation in higher dimensions, see e.g. [22] ), with particular emphasis on ten-and four-dimensional supergravities derived from the heterotic string.
Anomalies arise if a classical symmetry of a theory is not preserved under quantization. This only happens for chiral fermions (and potentially other chiral fields, such as (anti)self-dual tensors, but these will not play a role in our discussion), and thus only in even dimensions d. If the anomalous symmetry is a gauge symmetry, the theory is actually inconsistent.
For concreteness, consider a theory with a gauge group which is a product of a non-Abelian group G (where G can contain several factors) and a number of U (1)'s, and a set of massless chiral fermions f , transforming in representations r f of G and with U (1) charges q i f . In a Feynman diagram approach, anomalies arise via (d/2 + 1)-sided polygon graphs, with chiral fields in the loop. For example, in four dimensions the relevant diagram is a triangle, and we can take all fields to be left-handed. Concentrating on the U (1) anomalies, we can attach either three U (1) gauge fields to the vertices, or one U (1) and two non-Abelian gauge fields, including gravitons (for the purpose of anomalies, we can basically treat the Lorentz group as another gauge group factor). The diagram leads to an anomalous divergence of the U (1) current J i ,
Here F , F i and R are the field strengths of G, U (1) i and the Riemann tensor, the tilde denotes the dual (i.e. F µν = 1 2 ε µνρσ F ρσ ), and the traces are taken in a suitable representation. Finally, s ijk is a symmetry factor taking into account permutations of the legs (i.e. for distinct i, j and k, we have s iii = 3!, s iij = 2! and s ijk = 1). The anomaly coefficients for these cases are given by
Here the first sum runs over all chiral fermions f transforming in the representation r f of G, and ℓ(r f ) is the quadratic index of r f . Similarly, the second and third sums run over all chiral fermions. These coefficients have the same form for N anomalies, but they only have to vanish mod N (or mod N 2 if N is even) to ensure consistency of the theory. Furthermore, it can be argued that cubic discrete anomalies are not relevant for the discussion [23] . When considering R symmetries, the charges in (2.2) have to be shifted by −1, since fermions run in the loop. Additionally, for R symmetries the gauginos in the loop contribute a factor ℓ(adj f ) to (2.2).
A conceptually clearer approach to anomalies and their cancellation is via the anomaly polynomial. Here an anomaly manifests itself as non-invariance of the effective action Γ under a gauge (or local Lorentz) transformation with parameter λ,
Since the classical action is invariant, A arises from the path integral measure and can be calculated e.g. by Fujikawa's method [24, 25] or as the index of a suitable Dirac operator [26] . It is given by an integral of a d-form, A = I
(1)
d , and the Wess-Zumino consistency conditions imply that the nontrivial information about the anomaly can be succinctly given in terms of a (formal) closed and gauge-invariant d+2-form I d+2 , which is related to I d via the Stora-Zumino descent equations
The anomaly polynomial I d+2 is composed out of traces of powers of field strengths, including the Riemann tensor, treated as matrix-valued two-forms. The I
d+1 are called Chern-Simons forms.
Generically, if the anomaly is nonzero, the theory is inconsistent. However, if the anomalies are reducible, they can be canceled by the Green-Schwarz mechanism. Reducible means that the anomaly polynomial factorizes, i.e. it can be written as a sum
where each of the factors is by itself closed, gauge invariant and of even degree. (Throughout this paper, the wedge product for forms is understood.) This in particular requires that terms such as tr F d/2+1 are absent for gauge groups which have a Casimir invariant of that order. The idea of the Green-Schwarz mechanism is to compensate the variation of the effective action by an explicitly non-gauge invariant piece involving fields that transform with a shift. In a bottom-up approach, one may add these fields by hand, while in a top-down approach, such as string compactifications, these fields have to be present from the start. Concretely, a reducible anomaly of the form (2.5) requires a set of (k a − 2)-form fields C ka−2 , whose gauge transformation is a shift proportional to the descent of Y ka ,
ka−2 is the descent of the factor Y ka in the anomaly polynomial, and ξ is a free parameter. This transformation implies that the field strength of C ka−2 contains the associated ChernSimons form,
and consequently the Bianchi identity for H ka−1 becomes
The anomalous variation (2.3) of the action is now canceled by the Green-Schwarz action for the form fields 2 ,
2 Note that there is in principle a third term ∼ Y can be a linear combination of the descents along X d+2−ka and Y ka . We have made a particular choice here for simplicity.
Hence, each form field couples to some combination of gauge and gravitational field strengths encoded in X d+2−ka . It is, however, not required that the gauge group factors appear with universal coefficients in the coupling.
We have phrased the previous discussion in terms of the C ka−2 with δC ka−2 = −ξY (1) ka . We could just as well have described the mechanism in terms of the dual forms C d−ka , for which one has to switch the roles of X and Y . In particular, this dualization trades a coupling
Let us now specialize to the case of interest, which are low-energy effective theories derived from the E 8 × E 8 heterotic string. Here we have exactly one field which can take part in the Green-Schwarz mechanism, namely the Kalb-Ramond two-form B 2 , whose gauge transformation is fixed from string theory.
In ten dimensions, the low-energy theory is supergravity coupled to super-Yang-Mills theory. The anomaly polynomial I 12 receives contributions from the gravitino, the dilatino and the gauginos, and the requirement of anomaly cancellation singles out SO(32) and E 8 × E 8 as the only consistent gauge groups. (Upon replacing one or both E 8 's by U (1) 248 , I 12 still factorizes, but the anomalies are not canceled as the U (1)'s appear in the transformation of B 2 but not in the anomaly polynomial [27] .)
The anomaly polynomial factorizes as
(2.10)
Here R and F denote the ten-dimensional Riemann and field strength tensors. For the E 8 × E 8 theory, F = F ′ ⊕ F ′′ , and the corresponding traces are sums of the terms for the two E 8 's. Explicitly, the two-form B 2 transforms as
where Ω, A ′ and A ′′ are spin and gauge connections and Θ, λ ′ and λ ′′ are the corresponding transformation parameters. The associated Chern-Simons three-forms are
and similar for the other connections.
For four-dimensional theories, factorizable anomalies can only take the form I 6 = a Y a 2 X a 4 , and can thus be canceled by two-forms or scalars (axions). Since in four dimensions, these are dual to each other (in the sense that their field strengths satisfy * H 3 = H 1 ), we can phrase the following discussion in terms of scalars only. The two-form Y 2 can only be a field strength of a U (1) gauge group factor, Y 2 = dA 1 . If such a factor appears, we call the U (1) anomalous, while U (1) factors which do not appear in this way are called omalous. Then X 4 involves the anomalous U (1) and either two more U (1)'s or a square of a non-Abelian group (again including gravity), and by an abuse of notation we denote these as Abelian, non-Abelian and gravitational anomalies, respectively.
If the axion C 0 cancels the anomaly, its field strength (2.7) becomes
and thus the kinetic term for C 0 leads to a mass term ∼ ξ 2 |A 1 | 2 . Thus, an anomalous U (1) gets a Stückelberg mass from the Green-Schwarz axion, which can be gauged away and "eaten" by A 1 .
For heterotic d = 4 models, we investigate two cases: Compactifications on orbifolds and on smooth Calabi-Yaus with vector bundles, including orbifold blowups 3 . In the first case, the only field able to cancel anomalies is the four-dimensional two-form b 2 coming from the reduction of B 2 , while neither twisted nor untwisted sectors contain fields that transform with a shift. Hence I 6 factorizes into a single product, I 6 = X 4 Y 2 . Furthermore, X 4 is simply given by the second line of Eq. (2.10), restricted to four-dimensional forms and the unbroken gauge group. Upon dualizing b 2 to an axion a, the anomaly is canceled by the coupling a X 4 , (2.14)
so in particular a couples universally to all gauge groups. Note that this coupling arises in the dualization as a consequence of the gauge transformation properties of b 2 , so it is actually independent of the existence of an anomalous U (1), which manifests itself as a shift of a under the anomalous symmetry. Furthermore, if one E 8 is unbroken, there will be no matter states charged under this E 8 and consequently no mixed anomaly to cancel. Hence the coupling (2.14) cannot produce a gauge variation, and there is no anomalous U (1) in this case.
In the second case, there will generically be many additional axions β r arising from the reduction of B 2 along internal cohomology two-forms E r . Their transformation follows from Eq. (2.11) by expanding the internal flux and comparing the terms proportional to E r . Hence these axions will not couple universally to all gauge groups (otherwise one could redefine them by a term proportional to the universal axion). So in this setup, there can be up to 16 anomalous U (1)'s, at most one of which couples universally. Note further that if an axion shifts under a U (1), the gauge boson is massive by its field strength (2.13) even if the U (1) is omalous.
In particular, for a compactification on a Calabi-Yau X with line bundles, the anomaly polynomial can be evaluated easily: Split the 10d gauge fields into internal background flux and four-dimensional fluctuations, F = F + F , R = R + R. Here we assume that the fourdimensional backgrounds vanish and that there are no massless internal fluctuations. The backgrounds satisfy the Bianchi identity
in cohomology, i.e. tr R 2 − tr F ′ 2 − tr F ′′ 2 is an exact form that vanishes when integrated over any closed four-cycle. Then one can straightforwardly insert this split into the ten-dimensional anomaly polynomial 4 (2.10) and keep the terms cubic in the backgrounds to get [14, 30] 
Each E 8 contributes three terms:
gives rise to Abelian anomalies only. This is true also for bundles with non-Abelian structure group H because the generators of H, for which the trace gives a nonvanishing contribution, are broken by the bundle.
•
gives Abelian and non-Abelian anomalies, and
So we see that there is some partial anomaly universality: The non-Abelian anomalies coming out of the first E 8 are captured by one anomalous U (1) factor with universal coefficients, and similar for the second E 8 . Furthermore, if one E 8 is unbroken, i.e. F ′′ = 0, the Bianchi identity (2.15) implies that the non-Abelian and gravitational anomalies are captured by the same U (1), and their coefficients are proportional to each other.
3 Models with non-universal anomalies
Bottom-up model
As a simple example of a model which does not require anomaly universality, consider an extension of the MSSM by an additional U (1) X . Here, the anomaly coefficients depend on the U (1) X charges of the MSSM superfields, i.e. on the phenomenological requirements one imposes. Demanding e.g. that the U (1) X charges allow the MSSM Yukawa couplings and the Weinberg operator, are flavor-blind and commute with SU (5) for matter, we obtain the constraints 2q 10 + q Hu = 2R , (3.1a)
where R = 0 or R = 1 distinguishes non-R and R symmetries. Assuming no light Higgs triplets, one thus finds for the anomalies
We use the conventions ℓ(N ) = 1 2 and ℓ adj f = N for SU (N ). Furthermore, while generically U (1) normalizations in a bottom-up approach are not fixed, we use the GUT normalization for the hypercharge U (1) Y . Clearly, imposing anomaly universality is a strong additional constraint. This constraint is neither required for consistency (as was discussed in Chapter 2), nor particularly motivated from grand unification:
Assuming an SU (5)×U (1) X theory at some high scale, after the breaking to the MSSM we might expect that
this only holds
• for non-R symmetries, since for R symmetries, the gauginos contribute a non-universal factor ℓ adj f ,
• and before doublet-triplet splitting, as removing the triplets will change
From this it also follows that if the anomaly was universal before doublet-triplet splitting, it will not be afterwards and vice versa.
The situation is analogous for the case of a N instead of U (1) X . In that case, (3.1) has to be satisfied only mod N and the anomaly coefficients are only defined mod N or mod N 2 , depending on whether N is odd or even.
This discussion illustrates that anomaly universality leads to unnecessary constraints on potential U (1) X or N symmetries. In particular, (3.1) implies
and thus the µ term can be forbidden by both R and non-R symmetries once anomaly universality is not imposed.
String model
Now we want to construct an explicit string-derived realization illustrating the arguments made in Chapter 2. We consider a model on the T 6 / 3 orbifold in E 8 × E 8 heterotic string theory. In the orbifold standard embedding with shift vector
and without Wilson lines, the gauge group is broken to E 6 × SU (3) × E 8 . In particular, there is no anomalous U (1). The orbifold action θ on the three two-tori with complex coordinates z i is defined as 5) and has 27 fixed points. The massless chiral spectrum is given by 3 27, 3, 1 + 27 (27, 1, 1)
In order to construct a blowup, we replace the fixed points of the orbifold by 27 exceptional divisors E αβγ ≡ E r , where α, β, γ = 1 . . . 3 label the fixed points on the three tori and r = 1 . . . 27. The Abelian gauge flux, which is supported at the exceptional divisors only, is of the form F = E r V I r H I , where H I denotes the elements of the Cartan subalgebra of E 8 × E 8 . The bundle vectors V I r are chosen to coincide with shifted momenta of twisted orbifold states. In our case they read
7b)
We assign V 1 to the first k fixed points, V 2 to the next p fixed points and V 3 to the remaining q = 27 − k − p ones. The blowup procedure in the field theory picture corresponds to giving a vev to the twisted states with shifted momenta (3.7). For details on the blowup procedure, see e.g. [9, 30, 31] . The bundle vectors have to satisfy three consistency conditions: The flux quantization condition, the Bianchi identity and the Donaldson-Uhlenbeck-Yau (DUY) equations. Since the bundle vectors are given by shifted momenta of the twisted states (27, 1, 1), the flux quantization condition 3V I r ∈ Λ E 8 ×E 8 is automatically fulfilled. It is also easy to check that the Bianchi identity V 2 r = 4 3 is fulfilled as well. The DUY equations read
where J = a i R i − b r E r denotes the Kähler form and vol(E r ) > 0 in the Kähler cone a ≫ b > 0. Condition (3.8) can be fulfilled for all configurations (k, p, q) with arbitrarily large exceptional divisor volumes: The DUY equations can be written as
Since in our model the bundle vectors add up to zero, this simplifies to the condition
Each of the bundle vectors in Eq. (3.7) breaks E 6 to a differently embedded SO(10) × U (1), but only two breakings are independent. We are thus left with the gauge group
The two U (1) factors are generated by
Using this normalization, all charges are integer. The U (1) generators are related to the bundle vectors (3.7) via
The induced decomposition of the 27 (via SO(10) × U (1)) is
The 3 bundle vectors (3.7) on the Calabi-Yau side correspond on the orbifold side to a vev of the 3 singlets in (3.14). The massless chiral spectrum on the blowup depends on the distribution (k, p, q) of the bundle vectors over the 27 fixed points. The untwisted sector and the twisted (1, 3)'s in the orbifold spectrum (3.6) always contribute 72 · (1, 3) and 9 · (8, 3), while some of the twisted 8's get massive or vector-like. As a result, we get
Furthermore, the U (1) charges of the states from the twisted sector will be shifted by the charges of the blowup modes at the respective fixed point. The blowup mode at the r-th fixed point is redefined as 16) where b r are the Kähler (size) moduli of the r-th blowup cycle dual to E r , and β r are the localized axions. In addition, the twisted orbifold states Φ Orb get redefined as
With this, the U (1) charges of the blowup states are given by
For a detailed discussion of this redefinition procedure and a complete match of the orbifold and blowup spectra, see [15, 16] .
Anomaly coefficients
Once the spectrum on the blowup is determined, we can calculate the anomaly coefficients of U (1) A and U (1) B via the corresponding triangle graphs using (2.2). As an important consistency check, the result can be compared with the coefficients appearing in the 4d anomaly polynomial (2.16).
From the structure of the anomaly polynomial we draw a number of conclusions: First we take (2.16) for the first E 8 (and hence drop the primes on all field strengths) and express it in terms of the second Chern class c 2 as follows
Here we have used that tr R 2 = −2c 2 and tr F 2 = tr R 2 in cohomology, as long as the second E 8 remains unbroken. We expand the flux and the 4d field strength as F = E r V I r H I and F = F I H I and insert k times the contribution from V 1 , p times the contribution from V 2 and q times the contribution of V 3 to obtain
(3.20)
We have also used relations (3.13) and X c 2 E r V I r F I = −6 r V I r F I . From (3.20) it is evident that U (1) B is omalous if p = q, that the cubic U (1) A anomaly vanishes for k = 6, and that the non-Abelian anomalies of U (1) A vanish for k = 9. In particular, there is no configuration with omalous U (1) A .
Although U (1) B is omalous in some bundle configurations, both U (1)'s are always massive. The axion associated with U (1) B always feels a shift proportional to λ due to the transformation (2.11) and hence gets a mass via the Stückelberg mechanism. We expand B 2 = b 2 + α i R i − β r E r to see from (2.11) that β r transforms as
while the α i do not play a role in this case. Therefore the anomalies in our model are canceled by the non-universal axions β r only. There can be no contribution from the universal b 2 because of the absence of an anomalous U (1) on the orbifold. In particular, (3.13) indicates that the first k of the β r cancel the anomalies of U (1) A and the rest cancel a mixture of both U (1)'s. Hence the axions can be redefined such that only two of the 1 + 27 possible axions transform with a shift, and the others are invariant under (2.3). Another way to see that both U (1)'s are massive is by looking at the mass term for the 4d gauge bosons arising from the action (2.9)
with the mass matrix
Here, * 6 denotes the six-dimensional Hodge star. Using [32]
and the DUY equations (3.8), we find for (3.23) (a) Chiral massless spectra of the three example models. 26) which means that (M 2 ) IJ always has rank two in the blowup phase.
Examples
As an example of the above statements we explicitly discuss three simple models with different (k, p, q). Their spectra and anomaly coefficients are summarized in Table 1 (a) and 1(b), respectively. Model 1 has the configuration (k, p, q) = (9, 9, 9). As explained before, U (1) B is omalous and U (1) A only has Abelian anomalies. Model 2 has (k, p, q) = (25, 1, 1). Here, U (1) B is still omalous and U (1) A has Abelian and non-Abelian anomalies. Model 3 with configuration (k, p, q) = (13, 13, 1) is the most general, where all anomaly coefficients are nonzero.
In all models the anomaly coefficients from the triangle diagrams and from the anomaly polynomials match. All models exhibit Green-Schwarz anomaly cancellation with non-universal axions.
Remnant discrete symmetries
Discrete symmetries are very useful for explaining the absence of a perturbative µ term and of dimension-four and five proton decay operators. While discrete non-R symmetries often stem from broken U (1) symmetries, discrete R symmetries arise as remnants of the internal Lorentz symmetry after compactification.
Non-R symmetries
Since the blowup is generated from twisted orbifold fields that get a vev, discrete symmetries can arise from remnants of the U (1) gauge groups under which the blowup fields were charged.
In the family of models at hand, the discrete non-R symmetries are the ones left over from the two broken U (1)'s. One finds from the branching of the 27 of E 6 in (3.14) that the bundle vectors (3.7) correspond to the blowup modes
When these get a vev, a 2 × 2 subgroup survives 5 . It is easy to check that both 2 factors are omalous.
R symmetries
The discussion of remnant R symmetries is more involved. R symmetries are those transformations that do not commute with supersymmetry, which in superspace language means that the Grassmann coordinate θ transforms nontrivially. Since there is only one such coordinate in 4d N = 1 supersymmetry, this can at most be a single U (1) or N : If there are several such symmetries, they can be redefined such that only one of them transforms θ, while the others act as usual non-R symmetries. The normalization is commonly chosen such that θ transforms with charge 1, which implies that the superpotential W has charge 2. This convention only fixes the charges of the fields up to an admixture of non-R symmetries that leave θ invariant. Furthermore, a 2 R symmetry can be turned into a non-R symmetry by a combination with a sign reversal on the fermions, so 2 symmetries do not lead to true R symmetries.
In the following, we begin with reviewing R symmetries from the orbifold point of view. After that, we discuss them from the Calabi-Yau perspective.
R symmetries on the orbifold
The orbifold (T 2 ) 3 / 3 possesses a discrete ( 3 ) 3 rotational symmetry stemming from rotating each torus independently by 2πi 3 (note that this is a symmetry of the compactification space 5 Generically, this is a 4 × 4. In our family of models however, all states have charge 0 or 2 under both 4's.
but not an orbifold space group element). In the literature [33] , one often finds the R charge of the orbifold state defined as
Here, q sh is the shifted SO(8) momentum of the right-movers in light-cone gauge (sometimes called H-momentum), and the N i and N * i are integer oscillator numbers. The combination of the oscillators is such that the R i are invariant under picture changing. The R charges of the space-time fermions are related to the above R charges via q f sh = q sh − 
Here N i is the order of the orbifold twist in the i th torus. It should be noted that in this convention the superpotential W has R charge 1 and thus θ has R charge • The R charges of the fermions is shifted by − 1 2 , so θ transforms with a phase e 2πi 2N i , i.e. sublattice rotations act as a 2N i R symmetry.
• Finally, the order of (4.4) acting on the fermions is given by the least common multiple of N 2 i and 2N i .
To summarize, the R transformations form a 2N 2 i symmetry, under which the charges of bosons, fermions and θ are of the form 2k, 2k − N and N , respectively, where k is an integer. If N is even, so are all charges, and consequently, only a N 2 i is realized on the fields.
Owing to this slightly confusing symmetry pattern, one finds at least 3 different R charge normalizations in the literature:
1. W has charge 1, and the smallest charge quantization is in units of
. This is inspired by the orbifold R rule (4.3).
2. W has charge 2, and the smallest charge quantization is in units of
, which fits with the usual four-dimensional R symmetry conventions.
3. W has charge 2N i , and the smallest charge quantization is in units of 1.
Charges Table 2 : Charge assignment of the GLSM superfields describing the geometry in the notation of [12] .
In the case at hand, each 2-torus can be rotated independently (i.e. N i = 3), and we use the second normalization, such that we speak of a R 6 symmetry where fermion charges are quantized in multiples of 1 3 , bosonic ones in multiples of 2 3 , and θ has charge 1. Note that in particular the twisted states Φ corresponding to the 27 of E 6 have R = 1 3 (0, 1, 1, 1) and thus transform with charge 1 9 under each 3 sublattice rotation. Clearly, this is not a bona fide 6 symmetry because applying it six times does not give the identity of the fields, but it fits with the standard R symmetry normalization from four-dimensional supersymmetry, and the orbifold R charge conservation (4.3) becomes a mod 6 condition.
R symmetries from the blowup perspective
To find unbroken R symmetries after switching on vevs to generate the blowup, we seek combinations of the three sublattice rotations R i and the two U (1) generators T A,B which leave the blowup modes invariant,
for (q A , q B ) = (4, 0), (−2, 2) and (−2, −2). This implies that r + s + t ≡ 0 mod 3, i.e. only a trivial 2 R symmetry remains. Note that by combining with discrete non-R N symmetries, higher N R symmetries (with N > 3) can be obtained. For the examples presented here, the discrete non-R symmetries are 2 × 2 , such that in this case no R symmetry enhancement by mixing in other symmetries is possible. Hence for the models at hand it is expected that no nontrivial R symmetry will be left after blowing up. However, as discussed in Section 3.1, both R and non-R symmetries can forbid the unwanted superpotential terms once anomaly universality is not required. We will now investigate how to reproduce this from the perspective of the resolution space. One way to uncover discrete R symmetries on the resolution Calabi-Yau manifolds is to look at the GLSM realization. For the sake of clarity, we focus on the (k, p, q) = (9, 9, 9) model, where the blowup can be described with just three exceptional divisors. However, using the results from [12] , the analysis can be repeated for more general configurations and for other orbifolds in the same fashion. We leave the full analysis including more realistic cases for future work and merely outline the procedure.
The geometry is realized as the blowup of a complete intersection in È 2 [3] 3 / 3 . The coordinates and charges for the GLSM realization are given in Table 2 . The orbifold twist acts with a phase e 2πi 3 on z 11 , z 21 and z 31 . From this and Table 2 specifying the complete intersection, and the D-term equations
specifying the geometric phase (the vevs of the c i have already been set to zero). The z iρ correspond to the inherited divisors, where i = 1, 2, 3 labels the torus and ρ = 1, 2, 3 labels the fixed point. The three coordinates x α11 label the three exceptional divisors where each resolves 9 of the 27 orbifold fixed points. Finally, the FI parameters a i and b α11 are related to the sizes of the tori and the exceptional divisors, respectively. We have chosen a phase where a i ≫ 0 and a i ≫ b α11 . For b α11 ≫ 0, one uncovers the blowup regime, while b α11 → −∞ yields the orbifold regime. (The notation has been chosen as in [12] .) To find R symmetries in this picture, we have to find holomorphic automorphisms of the ambient space which leave (4.6) and (4.7) invariant, and under which the holomorphic (3, 0)-form Ω transforms nontrivially [34] . This is true because Ω is related to the four-dimensional SUSY generators via the internal spinor η by Ω ijk = η T Γ ijk η, where Γ ijk is a product of 3 gamma matrices. Ω can acquire at most a phase γ = e 2πiα , α ∈ Ê, i.e. Ω → γΩ. This means that η → ±γ 1 2 and thus the superpotential W transforms as W → γW , i.e. like Ω. On the orbifold, the twisted 27 3 coupling is allowed, so the 27 of E 6 has to transform with a phase γ In our case, we find that the F -and D-term constraints are invariant under the 3 transformations 6 z iα → e 
structure of the elliptic curves has been frozen at τ = e 2πi 3 , so that we are already at a special sublocus of the whole moduli space which exhibits enhanced symmetries. At even more special points in moduli space, there appear certain symmetries under coordinate exchange: When a 2 = a 3 , there is a symmetry
(4.10)
, we find an S 3 permutation symmetry acting on
We can interpret these as exchanges of exceptional or inherited divisors, which are symmetries whenever the corresponding volumes, given by the Kähler parameters a i and b α , are equal. Focusing on the 3 symmetries, we find combinations such that Ω → e and the 27 of E 6 transforms with e 2πi 9 , which reproduces the quantization in multiples of 1 9 from the orbifold. So far, we have used the GLSM merely as a book-keeping device to realize the geometry of the blowup space, but it contains more information. In particular, from the preceding discussion it seems that the 3 symmetries (4.9) cannot be broken in the GLSM, since the z iα appear only cubed or as absolute values. This seems puzzling, since all R symmetries are generically broken from the orbifold point of view. On the other hand, from the GLSM point of view the 3 symmetries are merely accidental symmetries, and we would expect them to be broken by quantum effects. However, up to now we have not incorporated the gauge bundle into the GLSM description. To make contact to the blowup model, we consider the line bundle L = O(0, 0, 0, 2, −1, −1) 3 ⊕ O(0, 0, 0, 0, 3, −3) in analogy to the blowup modes (3.7). The chiral spectrum is then given by various line bundle cohomology groups (see Table 3 ). Using cohomCalg [35, 36] we can reproduce the chiral spectrum of the (9, 9, 9) model in Table 1 (a), which is in turn consistent with the orbifold picture. The transformation of the states under the discrete symmetries can also be calculated via cohomCalg. Starting from the symmetries (4.8) and (4.9), which are given in terms of their actions on the GLSM coordinates, we have to determine how they act on the respective cohomologies of our bundle restricted to the Calabi-Yau hypersurface. A priori, it is not clear that the restriction of the symmetry to the Calabi-Yau can be lifted to the gauge bundle. A lift of the discrete symmetry to the gauge bundle which is consistent with the bundle projection and which preserves the group action is known as an equivariant structure [20, 37] . It can be shown that for M symmetries all line bundles admit an equivariant structure. Given an
(a) Charges of the chiral-Fermi fields and of the polynomials arising as kinetic deformations.
Polynomial Some contributing monomials (b) Some monomials contributing to the chiral massless spectrum. equivariant structure, we have to check how the relevant bundle cohomologies transform. As in the case of the chiral spectrum, this is done by relating the gauge bundle on the Calabi-Yau to the gauge bundle of the ambient space via the Koszul resolution. The transformation of the matter states is then given in terms of the action of the symmetry on the global sections 7 of the gauge bundle, which are given by polynomials in the homogeneous coordinates of the ambient space. Although the massless chiral spectra obtained from the orbifold, the blowup, and the GLSM perspective match, using the bundle L together with the geometric data of Table 2 seems to lead to U (1) anomalies in the GLSM. Recently, a mechanism has been proposed how these anomalies can be canceled [38, 39] . A discussion of this is, however, beyond the scope of the paper.
Instead, we want to resort to the non-compact 3 / 3 orbifold, where a consistent connection between the orbifold and the GLSM bundle description is known [11] . The bundle is described by chiral-Fermi multiplets ΛÎ ,Î = 1, . . . , 16, which correspond to the Cartan subalgebra of E 8 × E 8 . The ΛÎ are charged under the exceptional symmetries E α11 , with charges given by the line bundle vectors (3.7) corresponding to the orbifold shifted momenta. Now the coordinates show up when determining the charged spectrum [11] : The massless target space modes φ 4d (x µ ) appear as deformations of the GLSM kinetic terms for the ΛÎ as
Here the NÎĴ and NĴ I denote polynomials in the coordinate fields which are chosen such that the expression is gauge invariant. Note that this is a Kähler potential term, so the N 's need not be holomorphic.
While locally at each fixed point the gauge group is SU (3)× SO(10)× U (1)× E 8 , the global model in the end has gauge group SU (3) × SO(8) × U (1) 2 × E 8 . With regard to this, we split the indexÎ intoÎ = a, 4, I,J with a = 1, 2, 3, I = 5, . . . , 8. Furthermore,J corresponds to the second E 8 which is unbroken and hence omitted in the following discussion. The gauge fields are determined by the neutral deformations N b a and N 4 4 for SU (3) × U (1) 2 and N J I and N IJ for SO (8) . We can also read off the charged spectrum from the coefficients: N ab , N a 4 and N a4 correspond to 1, 3 and (1, 3) , N aI and N I a correspond to 8, 3 , and N 4I and N I 4 correspond to (8, 1) . The relevant charges of the bundle and the resulting polynomial charges are summarized in Table 4 (a). Some of the contributing monomials are given in Table 4 (b).
Note that the charges of the N 's reproduce some of the line bundle charges of Table 3 , but not all of them: The missing ones correspond to spinorial roots of E 8 which are not captured in the outlined procedure. Generically, the presence of the N 's in (4.12) breaks at least some of the discussed 3 symmetries. However, a more thorough understanding of these deformations is needed, e.g. as to which monomials actually contribute in a given phase: Depending on the Kähler parameters, certain coordinates may or may not vanish, and this will play a role in determining the appearing operators, and hence the symmetry breaking. In particular, we should expect R symmetries to reappear in the orbifold limit b α11 → −∞.
Conclusion
Supersymmetry is an important ingredient in many extensions of the Standard Model. However, the MSSM in its simple form has a number of problematic operators, such as dimensionfour and five operators violating baryon and lepton number conservation. Additionally, the µ term should be of the order of the weak or TeV scale, rather than GUT or Planck scale. Many approaches to physics beyond the Standard Model address these problems by invoking additional symmetries, which forbid or suppress the unwanted terms. The aim of this paper is twofold. First, we discuss anomalies involving such symmetries and their cancellation. We point out that the Green-Schwarz mechanism does not require anomalies to be universal. We illustrate this point in two examples: First we discuss a bottomup approach, where the MSSM is extended via an additional U (1) or N symmetry. Then we give an explicit example of the heterotic string on blowups of the T 6 / 3 orbifold. While there was no anomaly on the orbifold, there are two potentially anomalous U (1)'s in blowup. Depending on the particular blowup, they couple only among themselves or to the non-Abelian groups from the first E 8 and gravity (but never to the second E 8 ).
Secondly, we analyze the appearance of (remnant) discrete symmetries. Our choice for the line bundles in blowup preserves a 2 × 2 subgroup. For R symmetries, the situation is more involved: From the orbifold point of view, there are several conventions in the literature as to what the actual symmetry is, which we try to clear up. For the 3 orbifold, the sublattice rotations generate a 18 symmetry, with charge assignment (bosons, fermions, θ) = (2k, 2k − 3, 3) , k ∈ .
(5.1)
Hence, the "R part" of the symmetry is a 6 . Our argument easily generalizes to other orbifolds, where the order of the sublattice rotations is the least common multiple of N 2 i and 2N i . In the end, we find that the blowup generically breaks the R symmetry down to a 2 , which does not constitute a nontrivial R symmetry. However, phenomenologically the presence of such R symmetries is not necessarily required, as also non-R symmetries can forbid the dangerous superpotential terms once anomaly universality is not imposed. We finally discuss a realization of the blowup in terms of a GLSM. Here we find indications that again the R symmetries are generically broken by the gauge bundle, but at special subloci in Kähler moduli space, there appear additional symmetries which we interpret as exchange symmetries of divisors when the associated divisor volumes coincide. It would be interesting to see what remains of this effect when including Wilson lines.
There are several issues which we defer to further work. On the phenomenological side, we should extend our analysis to more realistic models which could lead to the MSSM via (local) GUTs. From the theoretical point of view, we require a better understanding of the way the bundle breaks the R symmetries in the GLSM, which is linked to the determination of the charged massless spectrum.
